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Abstract: WRKY transcription factors, being involved in several biological roles, stimulus signaling, and stress response, could be
interesting candidates to prospect, particularly in the Citrus unshiu (Satsuma mandarin) genome. Our approach, mainly based on
computational analyses, led to the identification of 51 CiuWRKYs followed by their molecular characterization. Syntenic relationship
analysis showed significant bias towards sweet orange and Arabidopsis chromosomes. Analyses of promoter region showed that
CiuWRKY1 modulates gene transcription through W-box site targeting. The deduced CiuWRKY1 protein was moderately hydrophobic.
A comparative in silico analysis among Arabidopsis thaliana and Citrus sinensis WRKYs allowed us to designate orthologous genes.
Lacking available CiuWRKY1 expression data, the expression patterns of these orthologous genes indicated that CiuWRKY1 transcription
would be modulated by various environmental and biotic constraints and growth regulator stimuli. Our results suggested that the
characterization of the CiuWRKY genes in C. unshiu provides new information that can help characterize the molecular mechanisms
underlying stress responses and cellular growth, and that CiuWRKY1 would be an interesting candidate to use in Citrus breeding
technologies.
Key words: WRKY transcription factors, Citrus unshiu, in silico analysis, gene expression, stress

1. Introduction
Citrus occupies an important role in the world market for
fruit trees with total fruit production for 2016 of 146.5 ×
106 t (9.5 × 106 ha) (http://www.fao.org/faostat/en/#data/
QC). Nevertheless, the crop yield and organoleptic
quality are altered by environmental constraints such as
drought, salinity (Ben Hayyim and Moore, 2007), and
low temperature (García-Luís et al., 1992). To date, some
cultural practices have been employed to overcome these
different constraints and to improve the organoleptic
fruit quality (Siboza et al., 2014). Additionally, molecular
approaches through candidate genes strategies would be
an interesting alternative to improve citrus phenotypes by
either conventional breeding or biotechnological methods
(Omura and Shimada, 2016).
Gain of function induced by candidate gene-like
transcription factors (TFs) would improve genotype
behavior versus these constraints in citrus (Alvarez-

Gerding et al., 2015; Gong et al., 2015; Endo et al., 2016).
Among the different TFs involved in plant responses
to environmental stresses, the present study focuses on
WRKY TFs. Even if initially identified as implicated in
disease response, new biological roles for WRKY TFs
are emerging, such as fruit ripening and organoleptic
quality of fruits. The latter is defined by the presence of
one to three WRKY conserved motifs, 60 aa long and
characterized by the WRKYGQK residue at the N-ter and
a Cys2His2 or Cys2HisCys Zn-binding motif at the C-ter.
Indeed, WRKY TFs are involved in regulation of growth
mechanisms, namely physiology of seed germination
and development, root and trichome neoformation,
senescence, and secondary metabolic synthesis (Mao
et al., 2011; Li W et al., 2016; Raineri et al., 2016). One
of the major roles of WRKYs is the adjustment of plant
behavior to various environmental constraints (Guo et al.,
2016; Liu et al., 2016). The WRKY family was represented
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by 72 members in Arabidopsis (Eulgem et al., 2000), 102
in rice (Ross et al., 2007), 97 in Oryza nivara (Xu et al.,
2016), 55 in Cucumis sativus (Ling et al., 2011), 54 in
mulberry (Baranwal et al., 2016), 95 in carrot (Li MY
et al., 2016), 112 in Gossypium raimondii, and 109 in
Gossypium arboretum (Ding et al., 2015). In the genus
Citrus, 100 putative WRKYs have been identified: 51 in
Citrus sinensis, 48 in C. clementina, and one in Citrus
unshiu (Ayadi et al., 2016).
Given that Citrus species are economically important
crops, multiple omic tools have been used to face major
citrus crop challenges (Talon and Gmitter, 2008).
Therefore, data of expression studies have been made
publicly available (Terol et al., 2007). Recently, sweet
orange (diploid) and mandarin (haploid) genomes (Wu et
al., 2014) have been released and made available to view
from public databases. Also, Xu et al. (2013) presented
a new analysis of the draft genome of sweet orange (C.
sinensis). The assembled sequences cover 87.3% of the
estimated sweet orange genome, which is relatively
compact since 20% is composed of repetitive elements
(Xu et al., 2013). The Satsuma mandarin (Citrus unshiu
Marc.) genome analysis project performed random
sequencing of expressed sequence tag (EST) clones, which
were collected from various fruit tissues, such as pulp and
albedo, ovary, and young seed (Kita et al., 2000; Shimada
et al., 2003). To date, more than 20000 independent
sequences have been registered in the GenBank database.
Among citrus production, sweet oranges account for
52.6%, followed by mandarins (21.1%), lemons and limes
(11.2%), and pomelos and grapefruits (6.2%). At present,
predominantly Satsuma mandarin is cultivated, and it
accounted for 62.5% (45.5 kha) of all citrus acreage (72.6
kha) in 2014 in Japan (Omura and Shimada, 2016). Citrus
unshiu Marc. is a seedless and easy-peeling citrus fruit.
Assumed to be of Chinese and Japan origin, it was further
introduced in different regions, where it has been widely
used as a traditional medicine to cure several diseases
(Fujii et al., 2016).
To the best of our knowledge, in the literature there
is only one paper reporting that Nicotiana tabacum
and lemon overexpressing WRKY70 from Fortunella
crassifolia improved dehydration tolerance (Gong et
al., 2015). In the following work, we first describe the
screening, identification, and molecular characterization
of all members of the WRKY family from Citrus
unshiu Marc., and then particularly CiuWRKY1 as a
potential candidate gene for genetic improvement. The
characterization of the WRKY family gene members in
Citrus unshiu provides new information that can help
characterize the molecular mechanisms underlying stress
responses and facilitate obtaining genetically improved
citrus.
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2. Materials and methods
2.1. Screening for CiuWRKY genes and molecular
characterization
Putative CiuWRKY genes were screened by following
two research approaches: a WRKY keyword search and a
BLAST search.
The CiuWRKY1 TF peptide sequence from Ayadi et al.
(2016) was used as a reference for performing a BLASTp
on NCBI, Phytozome, and the Citrus Genome Database
(CGD) (https://www.citrusgenomedb.org). Chromosome
locations of the different CiuWRKYs were obtained from
the Citrus unshiu Annotation Project (Shimizu et al., 2017)
(http://www.citrusgenome.jp). The alignment of WRKY
domains was performed with the T-COFFEE online
application (http://tcoffee.crg.cat). The classification of
CiuWRKYs was carried out by comparing the sequences
of WRKY domains with different sequences of AtWRKYs
according to the classification of Eulgem et al. (2000).
The identified CiuWRKYs were selected for a welldetailed and specific analysis for in silico molecular
characterization. The ORFs were determined by
FGENESH Softberry (http://linux1.softberry.com/berry.
html),
Genscan+
(http://genes.mit.edu/GENSCAN.
html), Glimmer (http://www.tigr.org/tdb/glimmerm/
glmr_form.html), and GeneMark (http://exon.gatech.
edu/GeneMark/gmhmme.cgi) using Arabidopsis as
a model. The prediction by FGENESH provides a
higher performance than the Genscan+, Glimmer, and
GeneMark predictions as it is specific to higher plants
(Yao et al., 2005). Indeed, due to its interface, Arabidopsis
can be chosen as a model for dicotyledonous plants.
To identify CiuWRKY orthologous in Citrus sinensis,
BLASTn was performed (http://citrus.hzau.edu.cn/
orange/tools/blast.php). The peptide sequences of several
WRKY proteins of Ricinus communis (XP_002516104.1),
Vitis vinifera (XP_002279407.1), Populus trichocarpa
(XP_002308538.1), Glycine max (XP_003522275.1),
Medicago truncatula (XP_003588914.1), Nicotiana
tabacum (CAI38917.1), Capsicum annuum (ABP24358.1),
Arabidopsis thaliana (NP_197989.2), Arabidopsis lyrata
(XP_002874303.1), Brassica napus (ACH99807.1),
Solanum nigrum (AEA86308.1), Brachypodium distachyon
(XP_003568011.1), Hordeum vulgare (BAJ85605.1),
Sorghum bicolor (XP_002440147.1), Oryza sativa
Japonica (ADX60287.1), Zea mays (NP_001148337.1),
Dimocarpus longan (AEO31516.1), Saccharum officinarum
(GQ246458.1), and Malus × domestica (HM122714.1.) were
retrieved by the BLASTp tool from NCBI. C. clementina
CcWRKY62 (clementine0.9_024219m of Phytozome)
and C. sinensis CsWRKY42 (orange1.1g031482m of
Phytozome) sequences were obtained after identifying
100 full-length potential WRKY TFs among members of
the genus Citrus. In order to characterize the promoter
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sequence of CiuWRKY1, the 1-kb sequence upstream of
the gene was obtained from the NCBI database. Regulatory
motifs and elements were determined within the promoter
sequence by PLACE Signal Scan (http://www.dna.affrc.
go.jp/PLACE/signalscan.html) (Higo et al., 1999) and
PlantCARE (www.bioinformatics.psb.ugent.be/webtools/
plantcare) (Lescot et al., 2002) programs. Prevalence of
the motif signal was visualized by a word cloud drawing
(http://www.tagxedo.com) using default parameters. The
analysis of synteny of CiuWRKY1 among sweet orange,
Arabidopsis, and grape genomes was performed using
the PGDD method (Plant Genome Duplication Database;
http://chibba.agtec.uga.edu/duplication) (Lee et al., 2013).
Circos software was further used to visualize the links and
collinearities (Krzywinski et al., 2009).
2.2. Phylogenetic analysis
Sequence alignments (Altschul et al., 1997) were realized
by CLUSTALX (Thompson et al., 1997). MEGA 6.0
software was used to draw the unrooted phylogenetic tree
of all CiuWRKY proteins (Tamura et al., 2013) using the
neighbor-joining method with a statistical bootstrapping
procedure involving 1000 replicates. MEME software
(Multiple Expectation Maximization for Motif Elicitation)
led us to the identification of conserved motifs and the
description of their position and frequency (Timothy
and Elkan, 1994). In addition, 69 and 92 sequences of C.
clementina and C. sinensis respectively were extracted from
Plant TFDB (http://planttfdb.cbi.pku.edu.cn) (Jin et al.,
2017). The phylogenetic tree was drawn with MEGA 7.0
using the neighbor-joining method (Saitou and Nei, 1987;
Kumar et al., 2016). Distances into the tree were calculated
using the p-distance method, selecting 1000 bootstrap
replications (Nei and Kumar, 2000).
2.3. Structural analysis
Tools to analyze protein structures were used directly at the
ExPASy server (Expert Protein Analysis System; http://www.
Expasy.Protparameters.Tools), PBIL (Pôle BioInformatique
Lyonnais; http://pbil.univ-lyon1.fr), and EBI (European
Bioinformatics Institute; http://www.ebi.ac.uk). The
online PSORT program (Prediction Program of Protein
Localization Sites, http:/psort.nibb.ac.jp) was used to predict
the localization of the CiuWRKY1 protein. The secondary
structure was predicted by Consensus Secondary Structure
Prediction of NLS (Nuclear Localization Signal), PBIL
(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/
NPSA/npsa_seccons.html), using the inhomogeneous score
combination MLRC (Structure Prediction of Secondary
Protein by Inhomogeneous Score Combination) (Guermeur
et al., 1999). The hydrophobic cluster analysis (HCA) plot
of CiuWRKY1 was obtained from the Mobyle portal server
(http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.
py?form=HCA#forms::HCA) (Callebaut et al., 1997). The
three-dimensional structural features of CiuWRKY1 were

examined using a homology modeling algorithm. For
structure design, a template for homology modeling was
retrieved from RCSB - PDB (Research Collaboratory for
Structural Bioinformatics - Protein Data Bank) (http://
www.rcsb.org/pdb/home/home.do). Protein structure
manipulations were performed by multiple alignments
in order to obtain hidden Markov models (HMM) and a
position-specific scoring matrix (PSSM), which were then
used by the Swiss-PDB viewer program (Guex and Peitsch,
1997). The final structure was produced using the pyMOL
programs (DeLano, 2002). Posttranslational modification
analyses were performed using the CBS server (Center
for Biological Sequence Analysis) (http://www.cbs.dtu.dk/
services).
Protein–protein interaction was analyzed with the
STRING database, version 10 (https://string-db.org/)
(Szklarczyk et al., 2015).
2.4. Gene expression studies
The CiuWRKY family-specific function among Citrus
WRKYs is so far unknown. Due to the lack of available
microarray data for Citrus unshiu, we resorted to the use
of a sweet orange genome database (Xu et al., 2013) and
Genevestigator data (Zimmermann et al., 2004; Hruz et
al., 2008). Gene transcription data of sweet orange were
acquired from the sweet orange genome annotation project
(Xu et al., 2013). Based on the nearest homologous proteins
of all CiuWRKYs, RNA-sequence data were collected from
fruit, leaf, flower, and callus tissues. Fragments per kilobase
of transcript per million fragments mapped values (FPKM
values) were retrieved from the Illumina RNA-seq data.
We searched within the NCBI database for the nearest
homologue of the CiuWRKY1 protein in Arabidopsis
using BLASTP with default parameters. In order to find
gene clusters with similar expression patterns in a subset
of conditions and tissues, the Biclustering tool (BiMax
algorithm) (Prelić et al., 2006) of Genevestigator V3 was
used. A bicluster data matrix was generated from analyses
of gene expression under biotic and abiotic stimuli. The
choice of the experimental conditions of stress was based
on the approximation of stress conditions in members of
the genus Citrus.
3. Results
3.1. Identification, genomic organization, and molecular
characterization of CiuWRKYs
3.1.1. Identification and classification of CiuWRKY family
members
In order to identify WRKY genes within the Citrus unshiu
genome, several public databases and the last updated
version of the C. unshiu genome (Shimizu et al., 2017)
were screened and prospected. Thus, our research led
to the identification of 51 CiuWRKY TFs named from
CiuWRKY1 to CiuWRKY51 (Table 1). However, the
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Accession number
(NCBI)

BAK61829.1

GAY37457.1

GAY65405.1

GAY63288.1

GAY35674.1

GAY56263.1

GAY54847.1

GAY44146.1

GAY36780.1

GAY57852.1

GAY68263.1

GAY44869.1

GAY32152.1

GAY51425.1

GAY53144.1

GAY32270.1

GAY36742.1

GAY39262.1

GAY57991.1

GAY37689.1

GAY35074.1

GAY52791.1

GAY45574.1

GAY47921.1

GAY44956.1

Gene name

CiuWRKY1

CiuWRKY2

CiuWRKY3

CiuWRKY4

CiuWRKY5

CiuWRKY6

CiuWRKY7

CiuWRKY8

CiuWRKY9

CiuWRKY10

CiuWRKY11

CiuWRKY12

CiuWRKY13

CiuWRKY14

CiuWRKY15

CiuWRKY16

CiuWRKY17

CiuWRKY18

CiuWRKY19

CiuWRKY20

CiuWRKY21

CiuWRKY22

CiuWRKY23

CiuWRKY24

CiuWRKY25

Ciunshiu_m15211

Ciunshiu_m16056

Ciunshiu_m02292

Ciunshiu_m22957

Ciunshiu_m21353

Ciunshiu_m34708

Ciunshiu_m06584

Ciunshiu_m15806

Ciunshiu_m01995

Ciunshiu_m18849

Ciunshiu_m10015

Ciunshiu_m10720

Ciunshiu_m18794

Ciunshiu_m15145

Ciunshiu_m13795

Ciunshiu_m17054

Ciunshiu_m30746

Ciunshiu_m20604

Ciunshiu_m21275

Ciunshiu_m24360

Ciunshiu_m21701

Ciunshiu_m06365

Ciunshiu_m13675

Ciunshiu_m12700

-

Accession number
(CGD)

Table 1. Identified WRKY genes in Citrus unshiu.
Physical position and sense

scaffold00026

scaffold00041

scaffold00029

6

2

1

2

3

4

6

2

3

6

scaffold00026

4

3

4

scaffold00022

1

4

2

3

scaffold00477

1

630128..633547 (-)

797041..798352 (+)

684527..686405 (+)

1846272..1855219 (+)

17235444..17236728 (+)

17655097..17659431 (-)

4553505..4555015 (-)

26237747..26239591 (-)

19534624..19538471 (-)

9336950..9338582 (+)

6796448..6799805 (-)

3325541..3327483 (-)

9873575..9876860 (+)

202523..204468 (+)

12367662..12370311 (+)

503073..505598 (+)

19649422..19653385 (+)

993619..996438 (-)

15390713..15395509 (+)

11582418..11583519 (-)

19435192..19436908 (-)

16048761..16052134 (+)

43659..47125 (+)

18844892..18846054 (+)

ORF 17 of shotgun sequence of the polyembryony
locus-associated genomic region

Chromosome

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGKK

WRKYGKK

WRKY domain
(N-ter)

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKY domain
(C-ter)

C2H2

C2H2

C2HC

IIb

IIc

III

I

IIc

TNMH
C2H2

I

IIc

III

I

III

I

IIc

I

IIc

IIc

IIc

IIc

IIc

I

IIb

IIc

IIc

I

IIc

IIc

Group

C2H2

C2H2

C2HC

C2H2

C2HC

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2SW

C2H2

Zinc finger
type
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GAY53617.1

GAY56808.1

GAY39025.1

GAY36579.1

GAY50282.1

GAY35238.1

GAY44451.1

GAY39571.1

GAY44334.1

GAY56010.1

GAY44335.1

GAY55815.1

GAY46470.1

GAY55480.1

GAY51361.1

GAY45629.1

GAY34791.1

GAY33845.1

GAY51432.1

GAY39190.1

GAY44842.1

GAY53936.1

GAY67023.1

GAY53937.1

GAY58655.1

CiuWRKY28

CiuWRKY29

CiuWRKY30

CiuWRKY31

CiuWRKY32

CiuWRKY33

CiuWRKY34

CiuWRKY35

CiuWRKY36

CiuWRKY37

CiuWRKY38

CiuWRKY39

CiuWRKY40

CiuWRKY41

CiuWRKY42

CiuWRKY43

CiuWRKY44

CiuWRKY45

CiuWRKY46

CiuWRKY47

CiuWRKY48

CiuWRKY49

CiuWRKY50

CiuWRKY51

CiuWRKY52

GAY61900.1

GAY61899.1

CiuWRKY27

CiuWRKY53

GAY58912.1

CiuWRKY26

Table 1. (Continued).

Ciunshiu_m37618

Ciunshiu_m12368

Ciunshiu_m02966

Ciunshiu_m13667

Ciunshiu_m02960

Ciunshiu_m15121

Ciunshiu_m15745

Ciunshiu_m10719

Ciunshiu_m05247

Ciunshiu_m05739

Ciunshiu_m02352

Ciunshiu_m10674

Ciunshiu_m31160

Ciunshiu_m11736

Ciunshiu_m10923

Ciunshiu_m03617

Ciunshiu_m19989

Ciunshiu_m03619

Ciunshiu_m18269

Ciunshiu_m03688

Ciunshiu_m21467

Ciunshiu_m13929

Ciunshiu_m01882

Ciunshiu_m15624

Ciunshiu_m04072

Ciunshiu_m05998

Ciunshiu_m21207

Ciunshiu_m07499

scaffold00286

7

4

scaffold00646

4

scaffold00026

3

3

2

2

scaffold00029

3

7

scaffold00033

3

1

8

1

5

1

2

7

4

3

scaffold00145

5

scaffold00286

7

223629..226614 (-)

21809383..21813020 (-)

4155603..4157697 (-)

41831..46017 (-)

4151282..4152846 (+)

10913..12538 (+)

25843554..25844736 (+)

3346807..3348666 (-)

13287780..13290768 (+)

16674122..16677216 (+)

1091070..1092808 (-)

3040922..3044224 (+)

16440531..16442637 (+)

298327..301075 (-)

6448353..6450853 (+)

1002283..1004198 (-)

6127679..6130077 (+)

1012198..1013993 (-)

14314335..14316262 (+)

492338..494657 (-)

17873052..17876002 (-)

6778839..6780810 (-)

18904632..18908825 (+)

25076391..25079715 (+)

414852..417354 (-)

5036631..5038474 (-)

223629..226614 (-)

18417084..18420432 (+)

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

WRKYGQK

C2HC

C2H2

C2HC

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2HC

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

C2H2

Partial

Partial

III

I

III

IIe

IIe

IIe

IIe

IIe

IIe

III

IIa

IIb

IId

IIa

IId

IIa

IId

IId

IIb

IId

IIb

IIb

IIb

IIb

IIb

I
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genome sequence of C. unshiu is not completely explored,
and given the big number of ESTs, additional WRKY
genes may be further identified. Indeed, we removed from
our prospection 2 partial sequences of putative WRKY
TFs. All the identified CiuWRKY TFs contain either one
or two conserved WRKY domains with a WRKYGQK
core sequence. The CiuWRKY TFs were subdivided into
three groups according to the classification of Eulgem et
al. (2000), and their multiple alignment highlighting the
conserved domains and motifs defining these groups
is shown in Figure 1. Thus, a total of 9, 36, and 6 genes
belonged respectively to groups I, II, and III. Both groups
II and III harbor a single WRKY domain, whereas group I
contains two WRKY domains, all of which are followed by
a zinc finger-like motif. Group III differs from group II by
the features of the zinc finger-like motif; instead of a C2–H2
pattern, it contains a C2–HC motif (Eulgem et al., 2000). In
addition, group II is further divided into subgroups A, B,
C, D, and E with respectively 3, 9, 13, 5, and 6 members.
3.1.2. Genomic organization of CiuWRKYs
The 51 CiuWKY genes were randomly distributed among
8 of the 9 C. unshiu chromosomes (Figure 2). However,
13 genes could not be mapped to any chromosome and
therefore were assigned to different scaffolds. Chromosome
3 hosted the highest number of CiuWRKYs with 9 genes,
followed by chromosomes 2 and 4 with 7 genes each, while
chromosome 8 hosted a single gene (CiuWRKY37) and
no WRKY genes could be found on chromosome 9. In
addition, chromosome 4 harbored all kinds of WRKY gene
groups. Using the criterion of gene clustering as defined
by Holub (2001), regions of less than 200 kb with more
than two WRKY homologous genes were identified on C.
unshiu chromosomes. As shown in Figure 2, 4 clusters of
CiuWRKY genes were found on chromosomes 1, 3, and
4. Chromosomes 1 and 3 hosted one cluster of 2 genes
each (CiuWRKY36, 38 and CiuWRKY14, 46, respectively),
while chromosome 4 contained two clusters of two genes
(CiuWRKY9, 17 and CiuWRKY49, 51). This CiuWRKY
genes clustering in C. unshiu illustrate their random
distribution on chromosomes, further suggesting possible
tandem duplication events.
3.1.3. Molecular characterization of CiuWRKYs
In general, the CiuWRKY gene structure contains both 5’
and 3’ untranslated regions (UTRs), except 7 genes with
only 5’UTR, 3 genes with only 3’UTR, and 11 genes without
either UTR (Figure 3). Nearly half (25) of the CiuWRKY
genes have 3 exons in their gene structure. The lowest
and highest numbers of exons were found respectively for
CiuWRKY6, 8, 14, and 19 and CiuWRKY22 with 2 and 10
exons.
The molecular and physicochemical properties of the
CiuWRKY genes and their corresponding proteins are
summarized in Supplement 1. Gene lengths varied from
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1.102 kb for CiuWRKY6 to 8.948 Kb for CiuWRKY22.
CiuWRKY protein sizes ranged from 162 to 868 aa, and
predicted molecular mass from 18.2 to 96.9 kDa.
3.2. Phylogenetic analyses of CiuWRKYs
The phylogenetic tree of 51 CiuWRKY proteins (Figure
4) along with their respective conserved motifs deduced
by MEGA7 further highlights their classification into 3
groups, as previously mentioned. It also enabled to visualize
all subgroups A, B, C, D, and E of CiuWRKY group II, all of
which are characterized by the number, type, size, position,
and frequency of the conserved domains. Particularly,
groups I and IIB were richest in conserved motifs, from 5
to 7, whereas group III was poorest with only two motifs,
one of them being the WRKY domain. Both motifs 9 and
10 were exclusively found within group II B of WRKY
proteins and do not correspond to any known function.
In addition, the phylogenetic tree of WRKYs issuing from
several species highlights the presence of all groups, as
already specified (Figure 5).
3.3. Expression study of CiuWRKYs
Transcriptome sequencing data of several Citrus sinensis
tissues and organs (Xu et al., 2013) were exploited in
order to study expression profiles variations of CiuWRKY
genes (Figure 6). At least 41 genes of the 51 checked
CiuWRKY genes were significantly induced in one of four
organs (callus, fruit, flower, and leaf). Expression studies
highlight their main expression in callus tissue, assuming
their putative involvement in meristematic cell growth and
expansion (Figure 6). Some members like CiuWRKY26,
39, 15, 32, and 20 are clearly transcribed in fruit organs,
signifying their implication in fruit ripening. Meanwhile,
some members of group IIc like CiuWRKY 10, 19, and 24
are downregulated in all organs.
3.4. CiuWRKY1 characterization
3.4.1. Orthology analyses
In order to define WRKY orthologues from sweet orange
species, the CiuWRKY1 sequence was blasted against
the sweet orange genome database (Xu et al., 2013) from
Huazhong Agricultural University (HZAU), China (citrus.
hzau.edu.cn/orange). Queries against the C. sinensis
genome with either the genomic or the coding sequence
of CiuWRKY1 led to the same result, namely a single
orthologous Cs4g05760 located on chromosome 4 (from
position 3532930 to 3534419 bp). The identity between
CiuWRKY1 and Cs4g05760 was 99% (query cover: 94%,
E-value: 4E–114) at the amino acid sequence level. Also, the
comparison between the peptide sequence deduced from
the nucleotide sequence of the CiuWRKY1 gene and the
complete protein sequences of Citrus present in different
DB (Ayadi et al., 2016) showed that CiuWRKY1 is strongly
similar (99%, E-value: 4E–114) to CcWRKY62 (Phytozome
db: clementine 0.9_024219m) and CsWRKY42
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Figure 1. Alignment of the WRKY protein domains from Citrus unshiu by T-COFFEE. The WRKY motif is highlighted in a red frame,
the cysteines are highlighted in a green frame, and the histidines that form the zinc-finger structures are shown in blue rectangle.
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Figure 2. Chromosomal distribution of the Citrus unshiu L. WRKY gene family. Chromosome and scaffold size are indicated by relative
length.

(Phytozome db: orange 1.1g031482m). WRKY sequence
alignment also indicates homology of CiuWRKY1 with
Poncirus trifoliata PtrWRKY2 (AFV15393.1) of 49%
(E-value: 1E–25).
In addition, the relationships of the orthologous
CiuWRKY1 gene with sweet orange and Arabidopsis
were all determined using the Circos program (Figure 7).
Intriguingly, the CiuWRKY1 gene showed syntenic bias
towards chromosomes of sweet orange and Arabidopsis,
suggesting that WRKY gene distribution was influenced by
chromosomal rearrangement events.
3.4.2. CiuWRKY1 promoter region analysis
Understanding gene function and spatiotemporal
expression usually involves the analysis of its upstream
regulatory region: the cis regulator elements located in
the promoter play a critical role in regulating the timing
and the location of gene expression. In silico identification
of the CiuWRKY1 gene activity regulation motifs was
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established by Plant Care software (Lescot et al., 2002) and
PLACE Signal Scan (Higo et al., 1999) and information on
the cis elements located in the promoter region is available
in detail in Supplement 1. A genomic search upstream
of the CiuWRKY1 transcription start site (TSS) allowed
us to identify the putative promoter region containing
regulatory elements (Supplement 2). The latter, adjacent
to CiuWRKY1 and ~1 kb long, was analyzed to locate
putative regulatory elements within the two strands. Thus,
several regulatory motifs were identified upstream of the
CiuWRKY1 TSS (Figure 8). Moreover, a word cloud or
‘TAG cloud’, as a graphical presentation of words selected
through the rationale of being represented more frequently,
for all the cis motifs in the CiuWRKY1 promoter, was
generated (Figure 9) and revealed the high frequency of
motifs such as ATATT, GATA, CAAT, and YACT. In total,
15 important motifs were scanned (Supplement 2). The five
most frequent motifs included ROOTMOTIFTAPOX1

AYADI et al. / Turk J Agric For

Figure 3. Exon/intron structure of the 51 CiuWRKYs. Yellow rectangles and thick lines represent the exons and introns, respectively.
UTRs (untranslated regions) are shown by blue rectangles.

(ATATT; responsible for expression in root), GATA box
(GATA; recognized specifically by light and chlorophyll),
CAAT box (CAAT; CAAT promoter consensus sequence),
CACTFTPPCA1 (key component of mesophyll expression
module), and POLASIG3 (AATAAT, plant polyA signal).

ACGTATERD1 (ACGT) was present in the promotor 8
times and was responsible for dehydration responsiveness.
The motifs MYB1AT (WAACCA), MYBPZM (CCWACC),
EECCRCAH1
(CANTTNC),
and
MYBPLANT
(MACCWAMC), present in the promoter, were
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Figure 4. Conserved motifs and phylogenetic relationships of CiuWRKY proteins. The NJ tree was constructed with full amino acids
of CiuWRKYs using ClustalW and MEGA7 with 1000 bootstraps. The conserved motifs in the CiuWRKY proteins were identified by
MEME. Gray lines represent the nonconserved sequences, and each motif is indicated by a colored box numbered at the bottom. The
phylogenetic tree shows the 7 subgroups of CiuWRKY.
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Figure 5. Unrooted phylogenetic tree representing relationships among WRKY family of C. sinensis, clementina,
and unshiu and Arabidopsis. The different colors represent groups I, IIa, IIb, IIc, IId, IIe, and III, which correspond
respectively to red, pink, purple, sky blue, navy blue, yellow, and green.

responsible for Myb/Myc TF interaction. The Myb/Myc
boxes and elements are involved in circadian responses,
and are potentially required for tolerance to salinity
and dehydration. They include cellular morphogenesis
control, synthesis of secondary metabolism, secondary
cell wall biosynthesis, meristematic activity, and cell cycle
regulation (Dubos et al., 2010). Also, another TF, named
DOF (DNA-binding one zinc finger) (DOFCOREZM:
AAAG), was present in the promoter 8 times. The DOFs
are involved in light and phytohormone responsiveness
as well as seed maturation and germination mechanisms
(Noguero et al., 2013).
Knowing that WRKY proteins bind DNA sequences
containing W-boxes (TGAC), a significant number of
sequences containing the conserved sequence TGAC have

also been identified in the promoter sequence (Supplement
2). The HvISO1 W-box of type TGACT and the NtERF3
W-box of type TGACY are located in position 78 bp on
the positive strand and in positions 699, 726, and 855 bp
on the negative strand. The HvISO1 W-box is recognized
by protein SUSIBA2 (in barley sugar signaling) conferring
sugar responsiveness (Sun et al., 2003). NtERF3 is involved
in the response to wounding through ethylene signaling.
Transcription regulation is potentially possible by genes
NtWRKY1, 2, and 4 (Nishiuchi et al., 2004). Similarly, the
W-box (recognized by the OsWRKY71 protein) of type
TGAC is located in position 78 bp on the positive strand
and in positions 700, 726, and 856 bp on the negative
strand. This box is kept in the Amy32b gene promoter
regulated by the WRKY71 rice protein, a repressor of the
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Figure 6. Heat map showing the comparative expression level of CiuWRKY genes in orthologous Citrus sinensis. The RPKM values
of CiuWRKY orthologues were retrieved from the Citrus sinensis Annotation Project and were log2 transformed. The heat map was
generated using TIGR MeV v4.1.1. Color scale (–5, 5) at the top of the dendrogram represents relative expression levels: blue represents
low level and yellow indicates high level.
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Figure 7. Comparative physical mapping by Circos software showing the degree of orthologous
relationships of CiuWRKY1 gene located on chromosomes of Citrus sinensis (Csi) and Arabidopsis
thaliana (Ath). The chromosomes of Citrus unshiu, Citrus sinensis, and Arabidopsis are depicted as
a circle. Colored curves denote the details of syntenic regions between CiuWRKY1 and Oranger,
Arabidopsis WRKY genes.

signaling pathway by gibberellins (Zhang et al., 2004). The
AtNPR1 W-box of type TTGAC is located in positions
700, 855, and 856 bp on the negative strand. This sequence
is conserved in the AtNPR1 promoter; it is specifically
regulated by salicylic acid (SA) (Yu et al., 2001).
3.4.3. Structural features of CiuWRKY1 protein
The peptide sequence of CiuWRKY1 is available from the
NCBI with access number BAK61829.1. The identified
open reading frame (ORF) encodes a protein composed of
190 amino acid residues with a calculated molecular mass
of 21.4 kDa and an isoelectric point of 5.5. The aminoacidic composition of CiuWRKY1 shows a high frequency
of glycine (8.9%) and serine residues (8.9%), providing
flexibility to the protein. Interpretation of the HCA plot
(Supplement 3) revealed that the CiuWRKY1 protein

was weakly hydrophobic. Moreover, 30% of the protein
displays polar properties; polar amino acids are those with
hydrophilic aa. Methionine and cysteine, amino acids
associated with disulfide bond formation, are low (4.2%).
The global residual charge of the protein is –4. The result
of subcellular localization of CiuWRKY1, as predicted by
PSORT, indicates nuclear localization, confirming anterior
studies on WRKY TFs from other species (Zou et al.,
2010). Indeed, CiuWRKY1 harbors monopartite nuclear
localization site PVKKRVE at position 161 of the amino
acid sequence, whose content of basic residues is 13.7%.
The study of secondary structure prediction has shown
that CiuWRKY1 contains approximately 22% of β sheet
strand and 77% random coil and loop.
The homology search of the tertiary structure of
the CiuWRKY1 protein in the PDB identified the
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Figure 8. Genomic organization of CiuWRKY1 and translational process showing structural details of the protein. The size of the promotor is not to scale. Exons, introns, and UTRs are indicated by red,
green, and brown boxes, respectively. The intron sizes are not to scale. Schematic representation of the proposed structure of the CiuWRKY1 protein illustrating the amino acid sequence (shown in single
letter code within each circle), as well as structural features predicted from the deduced amino acid sequence. Blue circles represent the WRKY domain; yellow circles are amino acids predicted in the
NLS. Model building of the 3D structure of the CiuWRKY1 protein based on similarity to the AtWRKY4 C-terminus domain (the ID is 1wj2A in Protein Data Bank (PDB)). Ribbon representation of
the CiuWRKY1 C-terminus from amino acids 120 to 189. The CiuWRKY1 C-terminus is composed of four β-strands that are colored according to chain A in the structure shown (1wj2A). The zinc ion
is shown as a purple sphere. The figure was produced using the Swiss-Model and pyMOL programs.
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Figure 9. Word cloud showing the identified cis elements in the CiuWRKY1 promoter
region. The intensity and size of the motifs indicate their frequency.

tridimensional structure by the nearest of the C-terminal
domains of the DNA-binding of protein AtWRKY4 (1WJ2)
(Yamasaki et al., 2005) with an e-value of 3.21527 E19
(Figure 8). The latter harbors a WRKY domain consisting
of a 4-stranded β-sheet, with a Zn-binding box. The
WRKYGQK motif corresponds to the most N-terminal
β-strand that partly protrudes from the protein surface
and provides access to the major DNA groove during
interaction with the target DNA.
3.4.4. Posttranslational modifications
CiuWRKY1 carries diverse sites of putative
posttranslational modifications (PTMs). Acetylation,
sumoylation, and ubiquitination are PTMs that target
lysine (K) residues. In addition to phosphorylation,
acetylation can regulate the WRKY gene activity.
The SUMO Plot analysis program predicts two
sumoylation sites: one at position 111 with the pattern
NDSGR EKKP VKERV and an average probability score
of 0.39, and the other site at position 137 with the pattern
DGFKW RKYG KKMVK and a moderately low score of
0.29. The presence of this PTM could affect the stability,
activity, and localization of its targets (Lyst and Stancheva,

2007) and helps to better explain the higher than expected
size of the protein on SDS gels due to the SUMO protein
attachment (11 kDa) within several positions in the
protein.
The NetAcet1.0 server presents a single acetylation
site early in the CiuWRKY1 protein sequence with
pattern MGVGT and a prediction score of 0.470. Another
posttranslational modification is methylation. The
program Memo had predicted no methylation site for the
protein sequence of CiuWRKY1.
Phosphorylation PTMs would affect WRKY gene
transcription activity and protein stability. The NetPhos 2.0
server allowed highlighting five putative phosphorylation
sites for serine, four for threonine, and two for tyrosine
phosphorylation sites in eukaryotic proteins (Blom et al.,
1999). The server NetPhosK 1.0 predicts specific tyrosine
kinase phosphorylation sites mainly at positions 25, 107,
and 37 for PKC (protein kinase C) and position 60 for
CKII (casein kinase II). One putative N-glycosylation site
has been identified in our sequence, Asn-Xaa-Ser/Thr at
position 105, with an average score of 0.4. However, the
server NetNGlyc 1.0 predicted other sites for asparagine
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designed to be N-glycosylated at positions 21, 32, 52, and
102.
3.4.5. Expression study in citrus tissues and under
different conditions
Based on RNA-sequence data from several C. sinensis
organs and tissues (callus, leaf, flower, and fruit), it is
interesting that Cs4g05760 (the orthologue of CiuWRKY1
from C. sinensis, assumed to retain equivalent functions) is
expressed, especially in the callus (Figure 10). The level of
transcripts is lower in flower, leaf, and fruit.
3.4.6. Expression studies in response to abiotic constraints
The biological role of WRKYs was deeply explored in
diverse plants; however, no data existed regarding the
role of the Satsuma mandarin WRKY genes in mediating
plant defense responses. In this study, we analyzed the
expression of the nearest orthologous gene CiuWRKY1
in Arabidopsis. The results of the NCBI searched by the
BLASTp program have shown that CiuWRKY1 shares a
high similarity to AtWRKY50 (3E-48, 57%), AtWRKY51
(3E-33, 67%), and AtWRKY48 (1E-28, 70%). Expression
patterns were restricted to the expression patterns of the
AtWRKY48 gene (AT5G49520) as most AtWRKYs are
missing in Genevestigator.
WRKY genes are known to be responsive to both biotic
and abiotic stresses (Dias et al., 2016; Liu et al., 2016).
CiuWRKY1 expression was also studied in response to
different stresses, as shown in Figure 11. First, AtWRKY48
gene expression was assessed within 4 anatomical parts
of Arabidopsis thaliana plants, in seedlings, rosettes,
adult leaves, and roots, where it showed various levels
of expression (Figure 11A). Particularly, AtWRKY48
appeared highly expressed in roots, indicating its putative
involvement during their development. AtWRKY48, the
closest homologue to CiuWRKY1, was not found to be

Figure 10. Expression patterns of the Cs4g05760 gene (the
orthologue of CiuWRKY1 from Citrus sinensis) in various organs.
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induced by 150 mM NaCl in green tissues of A. thaliana.
However, as a late response, an increase in expression
was observed in roots (Figure 11B), confirming its role in
environmental stresses perception and response. Similarly,
AtWRKY33 (At2g38470) was induced in Arabidopsis
roots by NaCl treatment (150 mM) (Jiang and Deyholos,
2006). This observation underlines WRKY TF implication
in NaCl stress response. Drought, often linked to salinity,
usually affects plant growth, development, survival, and
crop productivity (Golldack et al., 2011). Interestingly,
the transcriptional regulation of several WRKY proteins
is common in response to salt and water stress. However,
AtWRKY48 is significantly upregulated and downregulated
in response to drought and high light, respectively.
Although AtWRKY48 was possibly upregulated in
response to hypoxia, little or no information is available
about adaptation to anaerobic condition at molecular levels
(Shi et al., 2008). Besides, AtWRKY48 was upregulated in
roots under cold treatment (Figure 11B).
3.4.7. Expression study under biotic stress
To investigate the probable implication of the CiuWRKY1
TF in regulating biotic stress adaptation, the expression
pattern of the orthologous AtWRKY48 gene was analyzed
under biotic stress conditions, particularly when attacked
by pathogens such as A. brassicicola, B. cinerea, E. orontii,
G. cichoracearum, P. syringae, P. infestans, and P. parasitica
(Figure 11D). Different Arabidopsis tissues/organs were
selected for microarray analyses, including roots, adult
leaves, and rosettes. The AtWRKY48 gene is expressed
especially in adult leaves under biotic stress (Figure
11C). In our bicluster data matrix, the AtWRKY48 gene
is expressed under attack by B. cinera, G. orontii, and P.
syringae pathogens. In contrast, this gene was repressed
following A. brassicicola contamination. According to
Xing et al. (2008), AtWRKY48 would negatively regulate
pathogenesis-related (PR) gene expression and presents
basal resistance to P. syringae. The Arabidopsis thaliana
WRKY33 mutant plant displayed a sensitive phenotype to
B. cinerea necrotrophic attack, associated with a reduced
expression of the PR-1 gene (Zheng et al., 2006).
3.4.8. Expression study in response to hormonal
treatments
Many WRKY genes are regulated by phytohormones such
as ABA and GA3 (Nuruzzaman et al., 2014). According
to the heat map, MeJa treatment induced the strongest
variation of expression of AtWRKY48 in primary cells
(Figure 11E). MeJa is a well-known cell regulator in growth
and development in plants, particularly germination,
vegetative growth, and ripening (Creelman and Mulpuri,
2002). Moreover, within cell culture, the AtWRKY48 gene
was downregulated in the case of ABA, SA, and BL/H3BO3
(brassinolide/boric acid) (Figure 11F).
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Figure 11. Gene expression profile of the AtWRKY48 gene from A. thaliana (orthologue of CiuWRKY1 from C. unshiu) in biotic
and abiotic stress conditions and hormonal treatment by Genevestigator V3. The genes upregulated are marked in red, while the
downregulated genes are marked in green. A) Different developmental stages and organs under abiotic stress of AtWRKY48. The
samples are ordered according to the organs. B) Biclustering of AtWRKY48 gene under various abiotic stress conditions in A. thaliana.
C) Different developmental stages and organs under biotic stress of the AtWRKY48 gene. D) Biclustering of the AtWRKY48 gene
under various biotic stress conditions in A. thaliana. E) The samples are ordered according to the organs under hormonal treatment of
AtWRKY48 gene. F) Biclustering of the AtWRKY48 gene under various hormonal treatment conditions in A. thaliana.
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3.4.9. Protein–protein interactions
Protein network interaction of AtWRKY50, the orthologue
of CiuWRKY1 in Arabidopsis, shows relationship with
several proteins (Figure 12; Supplement 4), mainly basic
pentacysteine 2 (BPC2), transducin/WD40, DNA and
calcium binding proteins, and AtWRKY51.
The BPC TF family encloses genes that are jointly
involved in a wide range of developmental processes such
as meristematic growth and seed development (Simonini
et al., 2012, 2014). Furthermore, the protein BPC2 itself
interacts with other WRKYs such as AtWRKY75 and
AtWRKY11. The transducin/WD40 protein family
regulates growth development in plants and plays
important roles during stress signaling (Gachomo et al.,
2014).
4. Discussion
In the present work, by using bioinformatic and in silico
tools, we first characterized all members of the CiuWRKY
family, and then focused on CiuWRKY1 characterization.
Regarding the members of the CiuWRKY family, we
have updated our previous results obtained by Ayadi et
al. (2016), who identified 51, 48, and only one WRKY
TF in Citrus sinensis, C. clementina, and Citrus unshiu,
respectively. On the other hand, da Silva et al. (2017) found
77 WRKY genes from the Citrus sinensis genome, most of
them classified in group I (36 CitsWRKYs), group II (35

CitsWRKYs), and group III (6 CitsWRKYs). The number of
WRKY TFs found in Satsuma mandarin (51) was close to
that in other fleshy fruit type species like Citrus clementina
(48), cucumber (55), melon (56), watermelon (57), and
grapevine (59) (Ling et al., 2011; Wang et al., 2014; Ayadi
et al., 2016; Jiao et al., 2018; Li et al., 2018). This conserved
distribution of WRKY TFs among different species having
the same type of fruit category indicates that they are
involved in fleshy fruit development. Besides, the number
of WRKY genes in citrus is not associated with genome
size. Indeed, C. unshiu, which has a much larger genome
(359.7 Mb) than A. thaliana (135 Mb), possesses far
fewer WRKY TFs (51 CiuWRKYs) than Arabidopsis does
(72 AtWRKYs). In addition, as shown by phylogenetic
analysis, the main CiuWRKYs (39) belong to group II,
which appears to be the largest of the WRKY TF groups
(Li et al., 2017).
Although CiuWRKY genes were randomly distributed
among Citrus unshiu chromosomes, possible events of
tandem duplication were not excluded.
The genomic organization diversity (exon/intron
distribution, number, size) of CiuWRKY genes provides
additional evidence of phylogenetic groupings (Wang et
al., 2014; da Silva et al., 2017). Remarkably, almost half (25)
of the 51 CiuWRKY genes contain three exons, similarly to
C. sinensis, O. sativa, and H. brasiliensis, in which 37 of 77,
42 of 92, and 40 of 81 WRKY genes contain three exons,

Figure 12. AtWRKY50 protein interaction networks by STRING 9.05.
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respectively (Xie et al., 2005; Li et al., 2014; da Silva et al.,
2017). Therefore, in terms of genomic structure, through
this exon number conservation between different species,
there is significant similarity among C. unshiu, C. sinensis,
H. brasiliensis, and O. sativa WRKY TFs.
Phylogenetic analysis of CiuWRKYs confirms their
classification into three groups, which is consistent with
the classification of WRKY family members of several
species according to Eulgem et al. (2000).
Orthology analysis would help us in better
characterizing CiuWRKY1 in light of the lack of
available expression data. Indeed, the relationships of
the paralogous CiuWRKY1 gene revealed a syntenic bias
towards chromosomes of sweet orange and Arabidopsis,
suggesting that the chromosomal rearrangement events
explain the distribution of WRKY genes. For example,
AtWRKY50 and AtWRKY51 are associated with the
mechanism of repression between SA and JA (Gao et
al., 2011). Also, CsWRKY41 and CsWRKY31 were both
expressed in fruits, flowers, and leaves (Ayadi et al., 2016).
Interestingly, CiuWRKY1, CcWRKY62, and CsWRKY42
genes are highly similar. We found that CsWRKY42 and
CsWRKY10 are more expressed in acidic fruits than sweet
fruits, suggesting their probable involvement in fruit
acidification during maturation (Ayadi et al., 2016). Also,
the alignment of CiuWRKY1 indicates the homology of
CiuWRKY1 with Poncirus trifoliata PtrWRKY2 is 49%.
PtrWRKY2 expression in Poncirus trifoliata was suppressed
by 27%–50% upon exposure to prolonged drought stress.
However, in drought-stressed Citrus maxima (pumelo)
plants, the expression pattern of PtrWRKY2 remained
unaltered (Çevik and Moore, 2012).
In addition, CiuWRKY1 was found to harbor a single
WRKYGKK core sequence instead of having the major
WRKY core sequence WRKYGQK (Eulgem et al., 2000),
similarly to AtWRKY50 and 51 from Arabidopsis thaliana,
and a zinc finger structure near the C-terminus. One
intriguing finding from the phylogenetic classification is
the grouping of the AtWRKY50 and AtWRKY51 sequences
with other WRKY proteins. These two WRKY proteins
contain a single Cys2His2 zinc motif as found in all group
II WRKY proteins but each has a single substitution within
the conserved WRKYGQK region and consequently may
not have W-box-binding activity (Dong et al., 2003).
Several regulatory elements have been identified
upstream of the CiuWRKY1 TSS. ROOTMOTIFTAPOX1
(ATATT) was the most abundant, present in the
promoter 23 times and responsible for root expression.
The identification of MYB recognition sites at positions
699, 903, and 855 bp on the negative strand means that
CiuWRKY1 transcription would be regulated by MYB TF
binding within the concerned cis-acting elements. Reports
have shown that regulation of MYB TFs participates in

the transcription of WRKY-type genes (Lindemose et
al., 2013), but this needs to be further explored for the
CiuWRKY1 gene. The motif ACGTG was present in the
promotor and is responsible for ABA signaling. WRKY1840 and 60, the most closely related to Group II, play roles
in ABA signaling and seedling growth (Chen et al., 2010).
Indeed, these WRKYs inhibit the expression of ABF4,
ABI4, ABI5, DREB1A, MYB2, and RAB18, which are
important for ABRE gene expression (Shang et al., 2010).
Previous studies have shown that even WRKY TFs would
contain a W-box in their promoters and could therefore
be cross- or self-regulated by others WRKYs (Zheng et
al., 2013). For example, AtWRKY53 was described as
being involved in both self- and cross-regulation (Miao
et al., 2008). Similarly, the promoter of Petroselinum
crispum PcWRKY1 binds to any WRKY, and reciprocally,
PcWRKY1 transcription regulation is reached through
cross-binding by other WRKYs (Turck et al., 2004). The
presence of all these regulatory and cis-acting elements in
the promoter region of the CiuWRKY1 gene may suggest
a putative role in cell growth processes, with tolerance
to salinity and drought. However, the presence of these
elements does not necessarily imply their involvement in
the in vivo regulation of the promoter. Interestingly, Zheng
et al. (2013) showed that gene transcription could be
regulated by WRKY proteins in combination with specific
signals (ABA) or stress factors (salt) such as ThWRKY4.
This suggests that the expression of a TF alone may not be
sufficient to activate certain stress-related genes; it needs
to be combined with a stress signal such as ABA. In the
same context and supporting this point of view, ABA is
necessary for bZIP TF (SlAREB) to activate AtRD29A,
AtCOR47, and SlCI7-like dehydrin transcription (Hsieh et
al., 2010).
The phylogenetic tree of the CiuWRKY1 protein
with protein sequences of other species revealed that this
protein has strong homologies with Ricinus communis,
Populus trichocarpa, and Glycine max, as well as with
members of Brassicaceae. Phylogenetic analyses of WRKY
domains in Oryza sativa and A. thaliana show similar
behavior, highlighting separated groups in both species,
suggesting several duplications events within WRKY genes
(Zhang and Wang, 2005).
As a TF, CiuWRKY1 harbors an NLS. Moreover,
the PTM phosphorylation site, commonly known for
regulating transcription of WRKY proteins (Yamamoto et
al., 2004), was frequently found in the CiuWRKY1 peptide
sequence, suggesting the involvement of different protein
kinases. For instance, AtWRKY33, upon plant infection
by Botrytis cinerea, is phosphorylated by MPK3/MPK6
and it induces downstream transcription regulation of the
camalexin biosynthetic gene in response to this pathogen
(Mao et al., 2011). One putative N-glycosylation site has
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been identified in CiuWRKY1 closely to those recognized
by Ser/Thr protein kinases, suggesting that glycosylation
and phosphorylation play competing and antagonistic
roles (Slawson et al., 2006). The closet homologues
to CiuWRKY1, AtWRKY50, and AtWRKY51 were
demonstrated to mediate both SA- and low-oleic aciddependent repression of JA signaling. (Gao et al., 2011).
Based on the expression of CiuWRKY1 in the closest
homologue in Arabidopsis, many factors contribute to
expression development, various anatomical locations,
and stimulus response. The expression profile suggests that
AtWRKY48 is involved in biotic, abiotic, and hormonal
stress. Recently, in Arabidopsis, Jiang et al. (2012) showed
that WRKY57, the nearest homologue to AtWRKY48, was
responsible for drought tolerance via ABA level increase
and stress-responsive gene upregulation.
The existence of all these regulatory and cis-acting
motifs may suggest a role for cell growth and tolerance to

salinity and drought for CiuWRKY1. This first approach
for molecular characterization of CiuWRKY1 in Citrus
unshiu may be considered a preliminary step for further
functional and experimental validation of its biological
role.
The STRING Protein–Protein Interaction database
V.9.05 (Franceschini et al., 2013) was prospected to
identify protein–protein interactions between AtWRKY50
(as the closest homologue of CiuWRKY1) and TFs. Our
findings revealed that AWRKY50 specifically interacts
with basic pentacysteine 2 (BPC2) and transducin/WD40
protein, and self-interacts with other AtWRKYs that are all
involved in the developmental process and stress signaling
(Simonini et al., 2012, 2014; Gachomo et al., 2014).
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Supplement 1. Molecular features of CiuWRKY members.
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CsWRKY10

AtWRKY72-9

CiuWRKY32

1972

2/3

1083

360

39747.58

9.26

68.47

CsWRKY19

AtWRKY15-39

CiuWRKY33

2951

5/6

1824

671

65905.76

6.20

64.05

CsWRKY3

AtWRKY31-47

CiuWRKY34

2320

3/2

1026

341

36737.46

9.54

57.86

CsWRKY26

AtWRKY17-39

CiuWRKY35

1928

3/2

1080

359

38801.96

9.35

59.78

CsWRKY20

AtWRKY7-39

CiuWRKY36

1769

4/5

966

321

35896.19

7.15

68.72

CsWRKY30

AtWRKY40

CiuWRKY37

2399

2/3

1080

359

40525.88

9.77

62.95

CsWRKY21

AtWRKY74

CiuWRKY38

1916

2/3

762

253

28274.98

8.95

CsWRKY36

AtWRKY40

CiuWRKY39

2501

3/4

1083

361

40490.92

9.67

68.18
66.68

CsWRKY23

AtWRKY21-39
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Supplement 1. (Continued).
CiuWRKY40

2749

5/6

1710

569

62635.73

7.05

71.41

CsWRKY6

AtWRKY 42-47

CiuWRKY41

2107

4/5

960

319

35428.50

8.35

61.76

CsWRKY53

AtWRKY40

CiuWRKY42

3033

2/3

1095

364

41076.67

5.23

60.27

CsWRKY18

AtWRKY30

CiuWRKY43

1739

2/3

1212

403

44484.85

4.97

55.53

CsWRKY16

AtWRKY27-22

CiuWRKY44

3095

2/3

864

281

31928.17

5.31

38.90

CsWRKY34

AtWRKY65

CiuWRKY45

2989

2/3

1497

489

53812.84

5.93

58.03

CsWRKY13

AtWRKY14

CiuWRKY46

1860

2/3

1041

346

37763.56

6.32

55.26

CsWRKY24

AtWRKY22

CiuWRKY47

1183

2/3

948

315

35131.33

5.78

65.68

CsWRKY33

AtWRKY22

CiuWRKY48

1626

2/3

825

274

31079.32

5.12

54.42

CsWRKY35

AtWRKY65

CiuWRKY49

1565

2/3

930

309

35001.63

6.01

53.92

CsWRKY32

AtWRKY70

CiuWRKY50

4187

2/3

1266

421

46554.62

7.60

62.95

CsWRKY15

AtWRKY44

CiuWRKY51

2095

2/3

1071

356

39280.60

6.20

55.98

CsWRKY22

AtWRKY55-70
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Supplement 2. Different boxes for cis regulatory potential of the promoter sequence in PlantCARE (A) and W boxes in PLACE (B)
identified by in silico analysis of the promoter sequence of the gene CuWRKY1. (+) and (-) respectively indicate if the sequences are in
position or direction of the antisense sequence of the promoter. All figures are given relative to the TSS.
(A)
Element regulator

Position

Consensus sequence

Strand (+)

TATA

27, 48, 58

ATATAT

47, 54

ATATAAT

TACATAAA

57
60, 63, 117, 334,
337, 375, 378
69, 94, 120,
171, 361,
381

tcTATAAAta

196

TAATA
TTTTA

TATA-box

Strand (-)

TTTAAAAA

87
Regulation of transcription

432

TATAAATT

576

ATTATA

678, 731

TATATGT

CAAT-box

Roles

705

CAAT

811, 644, 945, 281,
800 ,857, 701

CCAAT

799, 573, 643, 574

CAATT

575

CAAAT

908

36, 921, 987
Common cis-acting element in promoter
and enhancer regions

3-AF1 binding site

AAGAGATATTT

623

AT1-motif

AATTATTTTTTATT

ATGCAAAT motif

ATACAAAT

Box 4

ATTAAT

97, 440, 424

F-box

CTATTCTCATT

202

Part of a light-responsive module
Cis-acting regulatory element associated to
the TGAGTC
Part of a conserved DNA module involved
in light
-

GARE-motif

TCTGTTG

652

Gibberellin-responsive element

GT1-motif

GGTTAA

574

LTR

CCGAAA

137

MBS

TAACTG

Skn-1_motif

GTCAT

404

Circadian

CAAAGATATC

193

Light-responsive element
Cis-acting element involved in lowtemperature responsiveness
MYB binding site involved in droughtinducibility
Cis-acting regulatory element required for
endosperm e
Cis-acting regulatory element involved in
circadian conditions

116
780, 936

699, 903, 855
216

Light-responsive element

(B)
Localization

Motif name

Consensus

W-BOX HvISO1

TGACT

78

699, 726, 855 W-box, link SUSIBA2 (repression by sugars) signaling through sugars

W-BOX NtERF3

TGACY

78

699, 726, 855 W-box, NtERF3 response to injury

OSWRKY71

TGAC

78

700, 726, 856 W-box, OSAmy32: repressor pathway gibberellic acid

W-BOX AtNPR1

TTGAC

Strand (+) Strand (-)

Regulation of expression

700, 855, 856 W-box AtNPR1
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Supplement 3. Hydrophobic cluster analysis (HCA) of CiuWRKY showing the pocket of hydrophobic amino acids.
PredictedFunctionalPartners:

Score

BPC2

BPC2 (BASIC PENTACYSTEINE 2); DNA binding / transcription factor; Arabidopsis GBP Basic
Penta C (279 aa)

0.790

AT5G43920

transducin family protein / WD-40 repeat family protein; (523 aa)

0.679

BZO2H3

BZO2H3; DNA binding / protein heterodimerization/ transcription factor; bZIP protein BZO2H3
mRNA(314 aa)

0.569

WRKY51

WRKY51; transcription factor; member of WRKY Transcription Factor; Group II-c; (194 aa)

0.559

AT3G47480

calcium-binding EF hand family protein; calcium-binding EF hand family protein; (183 aa)

0.547

ANK

ANK (ankyrin); protein binding; Induced in response to Salicylic acid. Belongs to the ankyrin
(426 aa)

0.536

FMO1

FMO1 (FLAVIN-DEPENDENT MONOOXYGENASE 1); FAD binding / NADP or NADPH
binding / electron carrier (530 aa)

0.534

PAD4

PAD4 (PHYTOALEXIN DEFICIENT 4); lipase/ protein binding / triacylglycerol lipase;
Encodes a lip (541 aa)

0.534

AT1G73805

calmodulin binding; calmodulin binding; FUNCTIONS IN- calmodulin binding (451 aa)

0.529

AT4G23150

protein kinase family protein; protein kinase family protein; FUNCTIONS IN- kinase activity;
(659 aa)

0.527

Supplement 4. Predicted functional partners: WRKY interactions and their combined scores.
First input sequence:
WRKY50; transcription factor; member of WRKY Transcription Factor; Group II-c; Transcription factor. Interacts specifically with the
W box (5’-(T)TGAC[CT]-3’), a frequently occurring elicitor-responsive cis-acting element (by similarity) (173 aa)
Arabidopsis thaliana
Second sequence input
BPC2 (BASIC PENTACYSTEINE 2); DNA binding / transcription factor; Arabidopsis GBP Basic Penta Cysteine 1 (279 aa)
Arabidopsis thaliana
PredictedFunctionalPartners:

4

Score

WRKY50

WRKY50; transcription factor; member of WRKY Transcription Factor; Group II-c (173 aa)

0.790

BZO2H3

BZO2H3; DNA binding / protein heterodimerization/ transcription factor; bZIP protein BZO2H3
mRNA (314 aa)

0.679

WRKY75

WRKY75; transcription factor; WRKY75 is one of several transcription factors induced during Pi
(145 aa)

0.563

WRKY11

WRKY11; calmodulin binding / transcription factor; member of WRKY Transcription Factor; Group
0.507
I (325 aa)

STK

STK (SEEDSTICK); protein binding / transcription factor; a MADS box transcription factor
expression (256 aa)

0.469

At3g02310

SEP2 (SEPALLATA 2); DNA binding / protein binding / transcription factor; MADS-box protein
(250 aa)

0.408

